Hemispheric ratios of oxygen extraction fraction (OEF), a proven methodology for the detection of severe hemodynamic impairment and stroke risk, are not sensitive for detecting bilateral hemispheric increases in OEF. The aim of this study was to investigate the use of cerebellum as the reference normal. We analyzed positron emission tomographic (PET) measurements of countbased OEF and clinical data from 57 patients with unilateral atherosclerotic carotid occlusion and 13 controls enrolled in a prospective study of stroke risk. The ipsilateral, contralateral, and total cerebellum were each evaluated as possible reference regions, and the ratios of the middle cerebral artery (MCA) hemispheric OEF counts against those in each reference region were determined. A statistically significant correlation (P < 0.0001) was observed with all three MCA-to-cerebellar ratios when compared with the gold standard of ipsilateral-to-contralateral MCA hemispheric ratio. Kaplan-Meier analyses showed all MCA-to-cerebellar ratios to be predictive of stroke. By using the total cerebellum method, 7 strokes were found to have occurred in 20 patients with increased OEF (P = 0.0007), compared with 7 strokes out of 16 patients with elevated OEF using the ipsilateral or contralateral cerebellum methods (P < 0.0001). These methods may be useful for categorizing the hemodynamic status of patients with bilateral cerebral occlusive diseases, including atherosclerosis and moyamoya, to determine the association with the risk of subsequent stroke.
Introduction
Misery perfusion constitutes a hemodynamic state in which cerebral blood flow (CBF) falls, yet oxygen metabolism is maintained by increased oxygen extraction fraction (OEF) (Baron et al, 1981) . Increased OEF can be measured using positron emission tomography (PET) and is a powerful predictor of subsequent ischemic stroke in patients with atherosclerotic carotid artery disease Yamauchi et al, 1999) .
Several methods for measuring OEF have been developed. The steady-state method with inhalation of 15 O-labeled gas (Frackowiak et al, 1980) and the bolus method with bolus injection of 15 O-labeled water (Mintun et al, 1984) both require arterial blood sampling during PET studies to convert PET counts into quantitative OEF measurements. However, arterial blood sampling is an invasive procedure, and percutaneous arterial cannulation may not be possible in all patients . In addition, the quantitative processing of OEF images requires considerable technical expertise. For these reasons, a count-based method using a ratio of the counts from separate 15 O-labeled oxygen and 15 O-labeled water scans can be used (Derdeyn et al, 1999; Jones et al, 1976; Kobayashi et al, 2006) . The count-based OEF (cbOEF) methods correlate well with the quantitative techniques (Derdeyn et al, 2001 (Derdeyn et al, , 1999 Kobayashi et al, 2006) , though a correction for cerebral blood volume (CBV) has been shown to be beneficial when measuring cbOEF using the steadystate method (but unnecessary for the bolus method) (Derdeyn et al, 2001 (Derdeyn et al, , 1999 Kobayashi et al, 2006) . Recent advancements in the count-based method have reduced the examination time and exposure to radioactive gas (Derdeyn et al, 2001 (Derdeyn et al, , 1999 Kobayashi et al, 2006) .
In earlier studies, subjects have been defined as normal or abnormal based on absolute values of OEF (Yamauchi et al, 1999) , or by comparing quantitative or nonquantitative (count-based) OEF values from the affected hemisphere to identical regions in the unaffected hemisphere (ratios) Kobayashi et al, 2006; Yamauchi et al, 1999) . The count-based method, as it does not involve quantitative assessment of OEF, must be analyzed as an asymmetry against a normal reference region. In diseases that involve both carotid territories, such as bilateral atherosclerotic carotid occlusion or the moyamoya phenomenon, the latter method of comparing hemispheric values will not detect a bilateral increase in OEF.
The cerebellum has been used as the reference region in earlier studies, but this method has not been validated as a predictor of stroke risk (Ibaraki et al, 2004; Imaizumi et al, 2002; Tanaka et al, 2006) . A major potential limitation of this technique is the phenomenon of crossed cerebellar diaschisis (CCD), a functional reduction in metabolism and blood flow in the cerebellar hemisphere contralateral to an ischemic stroke of the frontal or temporal lobes (Feeney and Baron, 1986; Pantano et al, 1986; Yamauchi et al, 1992) . In addition to an asymmetry in metabolism and flow between the two cerebellar hemispheres, CCD may lead to an increase in OEF in the affected cerebellar hemisphere, owing to a greater reduction in flow than oxygen metabolism (Yamauchi et al, 1992) . However, this phenomenon has not been consistently identified (Pantano et al, 1986) .
The aim of this study was to determine whether the cerebellum could be used as the reference normal for a hemispheric increase in OEF. We analyzed the data from a prospective study of OEF as a predictor of stroke risk in atherosclerotic carotid occlusion (the St Louis Carotid Occlusion Study, STLCOS; Grubb et al, 1998) , using the count-based method and the cerebellum as the normal reference.
Materials and methods
This study was a retrospective analysis of prospectively collected clinical and PET data from 57 patients with symptomatic atherosclerotic carotid artery occlusion and 13 normal control subjects enrolled in the STLCOS . All patients had unilateral atherosclerotic occlusion of the common or internal carotid arteries and ipsilateral ischemic symptoms. Patients were followed up for the occurrence of stroke or death during the course of the study, resulting in a mean follow-up of 29.5 months with a range of 6.2 to 61.9 months. All studies were performed under institutional review board-approved protocols. Informed consent was obtained from all subjects.
Subjects
Eighty-one patients with unilateral symptomatic atherosclerotic carotid arterial occlusion were enrolled in the STLCOS, which is a blinded prospective study of cerebral hemodynamics and ischemic stroke. Owing to the technical issues discussed below, the data from only 57 of the 81 patients were used for this analysis. The study was designed to test the hypothesis that increased OEF measured in the cerebral hemisphere distal to the occluded carotid artery was an independent predictor of stroke in these patients. Analysis of both the baseline risk factors and of the long-term follow-up has been reported earlier Grubb et al, 1998) . Details of the study design, patient population, and inclusion and exclusion criteria can be found in these two reports. The primary end point of the original prospective study was subsequent ischemic stroke, defined clinically as a neurologic deficit of presumed ischemic cerebrovascular cause lasting > 24 hours in any cerebrovascular territory.
Eighteen healthy control subjects (8 women, 10 men; mean age±s.d., 45±18) were recruited by means of public advertisement. All underwent neurologic evaluation, magnetic resonance (MR) imaging of the head, and duplex ultrasonographic imaging of the extracranial carotid arteries. None had (1) signs or symptoms of neurologic disease other than mild distal sensory loss in the legs consistent with age, (2) pathologic lesions on MR images (mild atrophy and punctate asymptomatic white matter abnormalities were not considered pathologic), or (3) > 50% stenosis of the extracranial carotid arteries.
Positron Emission Tomography Examination
Twenty-four patients recruited into STLCOS were excluded from this analysis, as the smaller axial field of view (FOV) of the initial PET scanner (ECAT 953B, Siemens/CTI, Knoxville, TN, USA) used for this study did not include a sufficient volume of the cerebellum. If the volume of cerebellum included in the scan was < 50% of the total cerebellar volume (based on the atlas described below), those patients were excluded. Thirty-three patients studied on this scanner had an adequate amount of cerebellum and were included in this analysis. The remaining 24 of the 57 STLCOS patients included in this analysis were studied consecutively on an ECAT EXACT HR (Siemens/CTI) with a larger axial FOV. The PET studies of only 13 of the original 18 normal controls could be identified. The PET studies were performed at study entry. After positioning the patient in the scanner gantry, an individually molded thermoplastic facemask was applied to ensure that the patient's head remained in a constant position during the scanning period. Venous and, when possible, arterial catheters were placed for intravenous administration of the radiotracer and for arterial blood gas analyses and arterial time-activity curve determination. All PET scans were acquired in two-dimensional (2D) mode (interslice septa extended). A transmission scan was obtained before radiotracer administration by using Ge-68/ Ga-68 rotating rod sources.
A 40-second scan was obtained after inhalation of 1 to 2 breaths of air containing B100 mCi of 15 O-labeled oxygen in trace amounts. After 15 minutes, a second scan was acquired after the bolus injection of B75 mCi of 15 O-labeled water. Specific details regarding the PET acquisition of these scans have been reported in an earlier publication (Derdeyn et al, 1999) . All radionuclides were produced in the Washington University cyclotron facility (Welch et al, 1969; Welch and Ter-Pogossian, 1968 ).
Image Processing and Analysis
All images were reconstructed by using filtered backprojection and scatter correction with a ramp filter at the Nyquist frequency. They were then filtered with a threedimensional Gaussian filter to a uniform resolution of 10 mm full-width at half-maximum. These images were subsequently transformed to stereotactic atlas space using a nine-parameter fit (Talairach and Tournoux, 1988; Woods et al, 1992; Woods et al, 1998) . In 14 patients, the automated transformation into stereotactic atlas space failed (due to insufficient sampling of the brain) and required manual transformation using an interactive nineparameter approach. The atlas transformation permits reproducible placement of regions of interest (ROIs). A cbOEF image was then generated as the normalized ratio image of the counts in the filtered and atlas-transformed 15 O-labeled oxygen and 15 O-labeled water images, a process that had been reported earlier (Derdeyn et al, 1999) .
For each patient and control, a large ROI was placed in the territory of the middle cerebral artery (MCA) in each hemisphere, based on a conservative estimate of the vessel's anatomical distribution ( Figure 1 ) (van der Zwan et al, 1992) . This included gray and white matter and was placed by using stereotactic atlas outlines. Areas of prior infarction identified on the 15 O-labeled oxygen images were omitted by hand drawing the boundaries of the infarct and then mirroring the excluded region in the contralateral hemisphere. This method (termed the MCA core method) differed from our earlier work, in which seven 17-mm spheres were placed in the MCA territory by stereotactic coordinates (termed the MCA sphere method) (Fox et al, 1985) . Using this new method, 200 cm 3 of the MCA territory was sampled per patient.
Cerebellar regions were similarly placed bilaterally using atlas outlines and carefully drawn to exclude the venous sinuses surrounding the cerebellum (Figure 1, arrow) . These cerebellar regions were then visually inspected for each patient, and in two instances where the cerebellar ROIs impinged onto the adjacent venous sinuses the ROIs were manually redrawn to exclude these sinuses. The redrawn ROIs were stereotactically placed to ensure left-toright symmetry. Total cerebellar counts were obtained by adding both ROIs. Cerebellar counts were categorized as being total or ipsilateral or contralateral relative to the symptomatic carotid occlusion. A total of 60 cm 3 of cerebellum was sampled per patient.
Ratios of ipsilateral-to-contralateral MCA territory cbOEF were generated using the original seven-sphere method (MCA sphere ) and the large contiguous region (MCA core ). Ratios of ipsilateral MCA core -to-cerebellar cbOEF were generated for the entire cerebellum (cerebellum total ), the ipsilateral cerebellum (cerebellum ipsi ), and the contralateral cerebellum (cerebellum contra ).
Data Analysis
First, we performed linear regression and Bland-Altman analyses comparing ipsilateral-to-contralateral MCA cbOEF ratios from the MCA sphere to MCA core methods to investigate the correspondence of the original sphere method to the new regional method. Then, we evaluated the MCA sphere cbOEF ratios versus the ratios of the ipsilateral MCA core -to-cerebellum ipsi , cerebellum contra , and cerebellum total , respectively.
Next, we tested the ability of the MCA/cerebellar cbOEF ratios to predict subsequent stroke. The 57 patients were divided into two groups based on the 95% confidence limits (CLs) for the range of cbOEF ratios obtained from the 13 controls: those with abnormal cbOEF ratios and those with normal ratios. We used the 95% CLs rather than the range observed in the normal controls because of our smaller sample size, as well as the widespread acceptance of the use of 95% CLs (Derdeyn et al, 2002; Yamauchi et al, 1999) . We examined the number of patients that changed categories (normal versus abnormal) for each method compared with the ipsilateral-to-contralateral cbOEF MCA sphere categorization. Finally, the primary analysis compared the two groups with respect to the length of time taken before reaching the end point of ipsilateral stroke by means of Kaplan-Meier survival curves and the log-rank statistic.
The presence of CCD was determined from analysis of the 15 O-labeled water scans. The regions created on the cbOEF images described above were placed on the 15 O-labeled water studies for all patients and normal controls. The 95% CLs for the left-to-right cerebellar CBF were determined from the 13 normal control subjects. Patients with left-sided carotid occlusion were evaluated using the lower limit of the right-to-left cerebellar CBF 95% CL and the reciprocal of the upper limit for right-sided occlusion owing to the baseline normal left/right asymmetry. Values that fell outside these limits were considered to have PET evidence of diaschisis.
We compared the ipsilateral-to-contralateral cerebellar cbOEF ratios between the patients with and without CCD Figure 1 Both the cerebral blood flow positron emission tomography (PET) image (top row) and the oxygen extraction fraction (OEF) PET image (bottom row) were transformed into stereotactic atlas space to allow placement of large MCA core and cerebellar regions of interest. Note the high signal on the OEF image corresponding to venous sinuses surrounding the cerebellum (arrow). These images were created using a 10-mm filter for the purpose of regional analysis. Abbreviation: MCA, middle cerebral artery.
to determine whether there was a significant increase in OEF in the contralateral cerebellum of patients with CCD (Student's t test). We also examined the number of patients with CCD that changed categorization. We compared 16 baseline epidemiological, clinical, and laboratory stroke risk factors between this group with CCD and those without. Student's t tests, w 2 , and Fisher exact tests were used to assess the statistical significance (P < 0.05). Because of the multiple comparisons involved in the analyses, a Bonferroni correction was applied to the significance level to maintain the overall type I error rate at 0.05. A total of 16 separate comparisons were made, and therefore the probability value required to accept statistical significance was 0.05/16 or 0.003.
Results

Linear Regression and Bland-Altman Analysis
The results of the linear regression and Bland-Atlman analyses are shown in Figure 2 . Ipsilateral/ contralateral MCA core cbOEF ratios had a strong correlation with ipsilateral/contralateral MCA sphere cbOEF ratios (R 2 = 0.76, P < 0.0001). Cerebellum total , cerebellum ipsi , and cerebellum contra all correlated well with MCA sphere (R 2 = 0.59, 0.59, and 0.52, respectively, P < 0.0001). The bias was lowest for the MCA core method (0.009), with the cerebellum total , cerebellum ipsi , and cerebellum contra methods having comparable biases (0.020, 0.018, and 0.020, respectively).
95% Confidence Limits
95% Confidence limits for MCA core , cerebellum total , cerebellum ipsi , and cerebellum contra ratios were compiled from 13 healthy control subjects and are presented in Table 1 . The normal range for MCA sphere was previously reported to be 0.935 to 1.062 (Derdeyn et al, 1999) , very similar to the MCA core range of 0.945 to 1.061 observed in the present analysis. Cerebellum total had the narrowest CLs (0.858 to 1.099), followed by cerebellum contra and cerebellum ipsi (0.850 to 1.107 and 0.845 to 1.113, respectively). A left-to-right cerebellar cbOEF ratio was also included to evaluate cerebellar symmetry. The mean±s.d. for left-to-right cerebellum cbOEF ratio was 0.98±0.044 (P > 0.05).
Categorization
A summary of patient categorization as having normal or elevated OEF can be found in Figure 3 (numbers in blue at each time point denote patients with normal OEF, whereas numbers in red denote those with elevated OEF). A summary of patients who changed their cbOEF status (normal or increased) using each method is presented in Table 2 . For example, four patients who were outside of the normal range using MCA sphere were within the normal range using MCA core , whereas four patients within the normal range using MCA sphere were outside of the normal range using MCA core . None of the patients who suffered a stroke during follow-up switched cbOEF status.
Prediction of Stroke Risk
Eight out of 57 STLCOS subjects suffered strokes ipsilateral to their carotid occlusion, during a mean follow-up period of 2.3 years. Using the MCA sphere method with these 57 patients and 13 normal controls, 27 had abnormal cbOEF ratios. All abnormal ratios were ipsilateral to the occluded symptomatic carotid artery and were increased, falling outside the upper limit of normal. Seven patients with ipsilateral stroke during follow-up had increased cbOEF. The remaining 30 patients had normal cbOEF ratios, of whom one suffered a stroke. This analysis was repeated for each of the three MCA core -to-cerebellar cbOEF ratios. All methods were shown to be significant as predictors of stroke risk. The Kaplan-Meier cumulative hazard curve for each method is shown in Figure 3 .
Diaschisis
The 95% CLs for left/right and right/left cerebellar cbCBF were 0.959 to 1.056 and 0.946 to 1.04, respectively. In all, 14 of the 57 subjects had ratios outside this range (Table 3) . All demonstrated reduced CBF in the cerebellar hemisphere contralateral to the carotid occlusion, consistent with CCD. The OEF tended to be higher in the cerebellar hemisphere with the reduced CBF, but this difference was not statistically significant when compared with the group without diaschisis (P = 0.10) or the normal controls (P = 0.31). Four of the patients with diaschisis suffered strokes during follow-up. All four were categorized as abnormal by each of the MCA-to-MCA and MCA-to-cerebellar ratio methods.
Baseline stroke risk factors, demographic and clinical information for the 57 patients as a group, as well as for the 14 patients with CCD are shown in Table 4 . Patients with CCD were more likely to have presented with stroke (12 of 14) as compared with those without CCD (21 of 43). The two CCD patients without stroke had a history of transient ischemic attack. Current smokers were more likely to have CCD.
Contralateral Occlusive Disease
Seven patients had > 50% stenosis of the contralateral carotid artery. There were no patients with bilateral carotid occlusion. A subanalysis of this small group reveals only one patient with abnormal hemispheric-to-cerebellar OEF ratios, which were consistently elevated regardless of which cerebellar method was used. This was the only patient to develop subsequent stroke. The other six patients had normal hemispheric-to-cerebellar OEF ratios. However, one of these six patients had an elevated MCA sphere OEF ratio. The same patient, along with another of the six nonstroke patients, also had an elevated MCA core OEF ratio. Linear regression analyses (not shown) showed good correlations between MCA sphere OEF ratios and MCA core (R 2 = 0.95), cerebellum total (R 2 = 0.64), cerebellum ipsi (R 2 = 0.60), and cerebellum contra (R 2 = 0.64), respectively. Figure 2 Linear regression analyses (left column) showe a significant correlation between ipsilateral-to-contralateral hemispheric OEF ratios obtained using the MCA core method and those obtained using the MCA sphere method. Similarly, significant correlations between each of the cerebellar methods and the MCA sphere method were found. Bland-Altman analyses (right column) show no systemic biases, with all ratios generally clustering around zero, and a similar, small, number of outliers above and below the limits. Data points highlighted in red represent patients who suffered an ipsilateral stroke during follow-up. Patients with stroke on follow-up tended to have the highest elevations of OEF on all ratio methods. Abbreviations: MCA, middle cerebral artery; OEF, oxygen extraction fraction.
Discussion
The cerebellum performed well as the reference normal for identifying increased hemispheric cbOEF. Ratios of hemisphere to cerebellar cbOEF were powerfully predictive of stroke risk. The total and ipsilateral cerebellum performed slightly better than the contralateral cerebellum, which is likely a result of CCD. This technique may be useful in the evaluation of patients with bilateral anterior circulation occlusive processes such as the moyamoya phenomenon. The count-based methods have a number of advantages over quantitative techniques. Arterial access is not always possible in some patients. Count-based studies do not require arterial sampling and do not require complex metabolic processing. Unlike quantitative OEF studies, count-based methods do not require a correction for intravascular 15 O-labeled oxygen, making them easier to process. In our prior comparisons of the count-based hemispheric ratio with the hemispheric ratio of quantitative OEF and absolute quantitative OEF, the hemispheric cbOEF was more accurate in predicting stroke risk (Derdeyn et al, 2001 (Derdeyn et al, , 1999 . It is not clear whether this is because of errors in the quantitative OEF calculations, variability in OEF between subjects, or perhaps the effect of uncorrected CBV leading to a more sensitive identification of misery perfusion with the cbOEF method. Regarding variability in OEF between subjects, for example, a hemispheric OEF of 40% may be normal for one person and increased for another. The hemispheric ratios account for this.
In this study, we used a single large ROI, rather than discrete spheres, for the regional analyses of these images (Derdeyn et al, 2001 (Derdeyn et al, , 1999 . We created a conservative map of the middle cerebral territory based on the studies of van der Zwan et al (1992). One reason for the use of these larger, contiguous regions was for patients with MCA territory infarction. In the sphere method, regions that included the infarcted tissue were not used for analysis. In some patients, only a few of the seven MCA regions were used. The present technique with contiguous regions preserved more regional data for analysis. In addition, this method easily accommodates the use of co-registered MR images for identifying and excluding regions of tissue infarction.
We explored the use of regions other than the cerebellum, such as the posterior cerebral artery (PCA) territory. One problem with using the PCA territory in our current data set was the limited angiography data available on these patients. The PCA territory may have been supplied by the carotid in some patients. Angiographic images were reviewed on study entry, but were not stored and the origin of the PCA was not recorded. The second, and more important, problem was the small volume of the core PCA territory (van der Zwan et al, 1992) and the proximity to the straight sinus and torcula. These structures have extremely high counts on the cbOEF images, owing to the lack of a correction for CBV ( Figure 1) . The presence of large venous sinuses is also an issue in the posterior fossa, but the cerebellar regions are larger than the PCA territory. To minimize the effect of structures with large counts on adjacent lower count regions (partial-volume averaging), we used a 10-mm filter for the cbOEF images, rather than the 16-mm filter we have used in the past.
Other investigators have used the cerebellum as a reference normal for the cerebral hemispheres, but have not validated this technique as a predictor of stroke risk. Ibaraki et al (2004) presented a method for relative measurement of CBF, OEF, and metabolic rate of oxygen (CMRO 2 ) using PET without arterial sampling in patients with hyperacute ischemic stroke. For relative CBF, OEF, and CMRO 2 , ipsilateral cerebellum was used as the reference region. Data obtained using this semiquantitative PET method was compared with the quantitative PET data for six patients and the differences between the two methods were found to be relatively insignificant. Imaizumi et al (2002) examined the use of singlephoton emission computed tomography (SPECT) with an acetazolamide challenge to screen patients with carotid occlusive disease for misery perfusion.
Their aim was to clarify the relationship between cerebrovascular reserve and CBF measured semiquantitatively with SPECT and OEF measured quantitatively with PET. Because of the inclusion of five patients with bilateral disease, cerebellum was used as a control region for the semiquantitative SPECT. Although neither cerebrovascular reserve nor CBF alone was useful for detecting lesions with elevated OEF, the combination of the two provided an index with high sensitivity, specificity, and positive predictive value for the detection of misery perfusion. Tanaka et al (2006) used data from moyamoya patients to analyze whether the hemodynamic parameters obtained with perfusion-weighted MRI (PWI) were reliable for use in clinical decisionmaking. They used cerebellum as the control region and concluded that PWI provided adequate quantitative evaluations of CBV and mean transit time, but not CBF, in moyamoya patients.
One potential limitation of using cerebellum as the control for a cbOEF method is the issue of CCD. This term refers to hypometabolism in a cerebellar hemisphere contralateral to a cerebral hemispheric infarction (Feeney and Baron, 1986; Pantano et al, 1986; Yamauchi et al, 1992) . This phenomenon presumably arises due to a disconnection of cerebro-ponto-cerebellar pathways, causing a reduction in metabolism and subsequently oxygen utilization (Pantano et al, 1986; Yamauchi et al, 1992) . CBF decreases in response to the reduced metabolic demand.
There are conflicting data regarding the relative reduction in CBF and the reduction in CMRO 2 . Baron et al (1993) and Pantano et al (1986) found matched reductions in CBF and CMRO 2 . Yamauchi et al (1992) found slightly greater reductions in CBF relative to CMRO 2 , leading to a slight increase in OEF in the cerebellar hemisphere contralateral to the infarction relative to the ipsilateral cerebellar hemisphere. Similarly, Martin and Raichle (1983) studied 10 patients with frontal lobe infarctions and found a 19.7% mean reduction in CBF and a 16.8% mean reduction in CMRO 2 in the contralateral versus the ipsilateral cerebellar hemisphere. We observed a trend towards higher cbOEF values in the contralateral cerebellar hemisphere in the 14 patients with CCD. This was not statistically significant as a group Abbreviations: cbCBF, count-based cerebral blood flow; cbOEF, count-based oxygen extraction fraction; CL, confidence limit. a The left/right ratios of cbCBF and cbOEF. and did not affect the categorization of patients with stroke during follow-up. Nevertheless, this phenomenon might account for the slightly lower r 2 value in the linear regression analysis of the cerebellum contra method. These data suggest that the performance of the cerebellum as the reference normal in patients with unilateral or bilateral strokes will be affected by CCD, and that this effect will be minimal. The methodology we used to define the presence of CCD was different from that used in earlier studies. Earlier studies have used absolute measurements of CBF in the cerebellum and cerebral hemispheres (Feeney and Baron, 1986; Pantano et al, 1986; Yamauchi et al, 1992 Yamauchi et al, , 1994 to define CCD. We used left-to-right (or right-to-left, depending on the side of the occluded artery) ratios of the counts from the O-15 water study. These ratios are an accurate measurement of relative CBF . We considered patients with reduced CBF in the cerebellar hemisphere contralateral to an occluded carotid artery to have CCD if the reduction was outside of the normal range of left/right CBF ratios. This categorization may have been slightly changed if other criteria were used. The point of this analysis was to investigate whether CCD adversely affected the ability of cerebral-to-cerebellar cbOEF ratios to identify patients at high risk for stroke. We found no evidence for this to be the case. All four patients with reduced contralateral cerebellar CBF beyond the normal range of cerebellar asymmetry (presumed CCD) that suffered a stroke on follow-up were categorized as having increased OEF by each of the three hemisphere to cerebellar cbOEF ratios.
The patients with CCD in this study were more likely to have had a prior stroke than those without CCD. Two of the CCD patients were not categorized as having had a stroke (transient ischemic attack). Given the strong association between stroke and CCD, it is likely that these patients had tissue infarction but a clinical transient ischemic attack (Easton et al, 2009; Kidwell et al, 1999) . Baseline imaging in STLCOS was generally a noncontrast computed tomography scan. Stroke location was not recorded on study entry. These images were not stored and were not available for review in this study. We also observed a trend between current smoking and CCD. This may be related to the association between smoking and stroke risk rather than CCD. The methodology used for the measurement of cerebellar counts could be improved and standardized. We observed a significant variability in the size, location, and intensity of the venous sinuses surrounding the cerebellum in our 57 patients. The atlas-based stereotactic cerebellar regions commonly included these structures, necessitating hand-drawn regions. Using Gaussian filtering smoothes the PET images and aids in visual interpretation, but also contributes to partial-volume averaging of the highsignal venous sinuses into the adjacent tissue. The use of unfiltered PET images may reduce the impact of this problem. Another approach might involve automated thresholding of these high-count structures.
We assumed that the cerebellar OEF was normal, except for the effects of diaschisis. It is possible that some of these patients had increased OEF in one or both cerebellar hemispheres owing to atherosclerotic occlusive disease of the posterior circulation. The entry requirements for the STLCOS required carotid imaging to confirm occlusion, but no vascular imaging for the posterior circulation was required or recorded. However, the patients in the STLCOS were required to have ischemic symptoms referable to the occluded carotid artery. Any posterior circulation atherosclerotic disease was asymptomatic, therefore, and was unlikely to be associated with increased OEF based on this fact alone (Powers et al, 2000) .
Two different PET scanners were used over the course of this study. These scanners had slightly different FOVs and in-plane resolution. It is unlikely that these factors had any impact on the regional measurements obtained in this study. The 953B scanner acquires 31 slices with 3.375 mm slice separation, 10 cm axial FOV, with transaxial and axial resolutions of about 5 mm full-width at halfmaximum. The EXACT HR acquires 47 slices with 3.125 mm separation, 15 cm axial FOV, with transaxial and axial resolutions of just < 4 mm. All scans in the current study were acquired in 2D mode (septa extended) and were reconstructed using measured attenuation and scatter correction. With the 2D mode, relative sensitivity drops for only four end planes on the HR scanner and for three on the 953B scanner. All primary images used in data analysis were Gaussian filtered to 3D resolutions of 16 mm full-width at half-maximum (using kernels defined separately for each scanner and for axial versus transaxial dimensions). At this reduced resolution, slight differences in intrinsic resolution and axial sampling become irrelevant for subsequent analysis. Both scanners have been tested for accuracy (i.e., 3D spatial uniformity) using offset cylindrical phantoms, and there was no bias in any of the axial planes. With images from either scanner, volume of interests were not to be defined in the end planes; however, this was motivated by noise considerations rather than accuracy. Moreover, cerebellar volumes of interest were large (60 mL) relative to both voxel and slice size. Finally, when the EXACT HR was being considered as a replacement for the 953B scanner in ongoing studies, scans were acquired using the Hoffman 3D brain phantom on both scanners. These were reconstructed and filtered in the same manner as used in this study and then co-registered and normalized. Images from one scanner were compared with those from the other scanner directly using subtraction imaging, and there were no detectable differences.
One final potential limitation of this analysis is that this validation study was performed in a group of patients with unilateral carotid occlusion. It is possible, although unlikely, that MCA-to-cerebellar ratios would not correlate as well in patients with bilateral occlusions. Only seven patients in the current cohort had contralateral atherosclerotic disease > 50%. The cerebellar ratio method seemed to perform similarly in this group of seven patients. An ideal analysis would test the ability of this method to predict the outcome in a population of patients with bilateral carotid occlusive disease, such as the moyamoya phenomenon.
In summary, we have demonstrated that the cerebellum may be used as the reference for normal for the detection of increased cerebral cbOEF in patients with atherosclerotic carotid occlusion. The effects of diaschisis are minimal, and can be corrected for if unilateral. This method has great potential for the detection of increased cbOEF in patients with bilateral occlusive processes, such as the moyamoya phenomenon (Hallemeier et al, 2006) . Further prospective studies will be necessary to determine whether these measurements of hemodynamic compromise are predictive of the risk of subsequent stroke.
